Synthesizing unprecedented diamagnetic adducts of an endohedral metallofullerene was achieved by using 1,3-dipolar cycloaddition reaction of paramagnetic La@C s -C 82 with a simultaneous hydrogen addition. The selective formation of two main products, La@C s -C 82 HCMe 2 NMeCHPh (2a and 2b), was firstly detected by HPLC analysis and MALDI-TOF mass spectrometry. 2a and 2b-O, which was readily formed by the oxidation of 2b, were isolated by multi-step HPLC separation and were fullycharacterized by spectroscopic methods, including 1D and 2D-NMR, UV-vis-NIR measurements and electrochemistry. The hydrogen atom was found to be connected to the fullerene cage directly in the case of 2a, and the redox behavior indicated that the C-H bond can still be readily oxidized. The reaction mechanism and the molecular structures of 2a and 2b were reasonably proposed by the interplay between experimental observations and DFT calculations. The feasible order of the reaction 3 process would involve a 1,3-dipolar cycloaddition followed by the hydrogen addition through a radical pathway. It is concluded that the characteristic electronic properties and molecular structure of La@C s -C 82 resulted in a site-selective reaction, which afforded a unique chemical derivative of an endohedral metallofullerene in high yields. Derivative 2a constitutes the first endohedral metallofullerene where the direct linking of a hydrogen atom has been structurally proven.
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INTRODUCTION:
Endohedral metallofullerenes (EMFs) 1 -fullerenes which encapsulate metal atoms or clusters into their inner cavity -are novel materials which have attracted broad interests in a variety of research fields, such as chemistry, physics and biomaterial science. [1] [2] [3] [4] . Surprisingly, we found that the 1,3-dipolar cycloaddition reaction of the fullerene, which is referred to as the Prato reaction, 14 affords two new adducts of La@C s -C 82 in a highly selective way with an unprecedented and intriguing hydrogen addition reaction.
RESULTS AND DISCUSSION:

Synthesis and isolation of the two adducts
Firstly, the 1,3-dipolar cycloaddition reaction of La@C s -C 82 (denoted as La@C 82 hereafter for simplicity) using an azomethine ylide as 1,3-dipole was conducted based on a standard procedure by using o-dichlorobenzene (o-DCB) as solvent (Scheme 1). After refluxing the reaction solution for 15 min, the HPLC profiles of the resulting solution showed different peaks with consumption of the starting La@C 82 (Figure 1a ). The appearance of several shoulder peaks indicated that the selectivity of the addition reaction to the fullerene was quite low under these conditions.
Secondly, a droplet of toluene was added into the reaction solution of o-DCB before refluxing, and the selectivity of the addition reaction was drastically improved as confirmed by the HPLC profiles ( Figure 1b) . After refluxing for one hour, the HPLC profile of the reaction mixture indicated that approximate 50 % of the starting fullerene was consumed and two products were dominantly formed.
This high selectivity in the reaction is notable since several adducts could be expected to form because of the 44 unequivalent carbon atoms of the La@C 82 cage. 12, 13a The two products were successfully isolated from the unreacted starting materials and byproducts by using multi-step high performance liquid chromatography (HPLC) (See the Supporting Information and Figure 2 ).
The conversion yields of the main product ( 
Characterization of the minor product (2b)
Just after the isolation by HPLC, 2b mainly showed a molecular ion peak at 1285 m/z and a fragment peak at 1123 m/z in MALDI-TOF mass measurement as well as 2a ( Figure 6a ). However, after a few minutes from the isolation under ambient conditions, the minor product showed a different spectral pattern which is attributed to an oxidized 2b (2b-O) at 1301 m/z (Figure 6b ) instead of 2b. This oxidation process was also confirmed by HPLC analysis in which the elution time of 2b (12.8 min) was extended as the oxidation on 2b
progressed to afford 2b-O (13.2 min) ( Figure 2 ). In contrast to 2b, 2a is much more stable and its spectra were almost unchanged after three days stored under ambient conditions without light. Although the reasons for the significant different stabilities of 2a and 2b are still not completely clear, it may be explained by the fact that the stability and electronic structures of the compounds can be influenced by the different direction of the addend, in particular the phenyl ring, in 2a and 2b, as indicated by DFT
calculation (vide infra).
Although the instability of 2b made it hard to accomplish further characterization, investigation on 2b-O provided the sufficient structural information which is associated with 2b. 2b-O has also a closed shell structure as well as 2a and, therefore, NMR measurements were performed. The 
Discussion on the reaction mechanism and molecular structures of 2a and 2b-O
In the present reaction, the hydrogen addition was a key for affording 2a and 2b-O in relatively high yields.
Because the reaction without addition of toluene before heating afforded a vast number of adducts as demonstrated in Figure 1a , some Prato adducts were possibly formed and they resulted to be somehow unstable and evolved to a variety of different compounds. It is also indicated by the shorter reaction time (<15 min.) in the case of the absence of toluene to consume the half amount of starting La@C 82 than the reaction using a droplet of toluene (~60 min.). Therefore, a plausible explanation for affording several products in the former reaction would be overreaction and multiple addition of the addends to the fullerene.
MALDI-TOF mass spectrum of the reaction mixture indicated the existence of different compounds such as pristine La@C 82 , the Prato mono-adduct (La@C 82 CMe 2 NMeCHPh), bis-adducts and their respective oxidized compounds ( Figure S7 ).
Arguments can be made for (i) the origin of the hydrogen atom and, (ii) the prior reaction between the additions of the hydrogen and azomethine ylide (Path A and B in Scheme 3).
Two possibilities were considered for the origin of the hydrogen atom: generation of water molecules steaming from the formation of azomethine ylide or, alternatively, a hydrogen atom from toluene. To get rid of the first possibility, we carried out the 1,3-dipolar cycloaddition reaction in o-DCB solution containing D 2 O and a droplet of toluene. The MALDI-TOF mass spectra of the resulting adducts (not shown) did not show any evidence for the addition of the deuterium atom and only showed a molecular ion peak at 1285 m/z which indicates the existence of a product with the hydrogen atom. These experimental findings reveal that the origin of the hydrogen is not the water molecule which was generated in the formation of azomethine ylide. Therefore, toluene appears as the most probable origin for the hydrogen atom.
In order to confirm the above finding, the reactivity of La@C 82 towards toluene was examined by heating
La@C 82 with a droplet of toluene in carefully degassed o-DCB. It is notable that a large portion of La@C 82 was unchanged after refluxing for one hour ( Figure S8 ). This result indicates that the reaction proceeds much slower than that of the 1,3-cycloaddition reaction. MALDI-TOF mass spectrum of the reaction mixture showed a new peak at 1156 m/z, which is attributed to La@C 82 HO 2 , with a small fragment peak at 1155 m/z which stems from the loss of the hydrogen atom ( Figure S9 ). The formation of La@C 82 HO 2 implies that
La@C 82 H was formed under these reaction conditions and readily oxidized during the process of preparing samples for MALDI-TOF mass measurements under ambient atmosphere. A similar rapid oxidation has also been reported for another isomer of La@C 82 (La@C 2v -C 82 ). 15 As mentioned above, because the addition of hydrogen atom is much slower than the Prato reaction in the absence of toluene, it is reasonable to conclude that the prior addition of azomethine ylide (Path A) is the dominating reaction pathway and the formation of La@C 82 CMe 2 NMeCHPh (1) can occur prior to the hydrogen addition.
The molecular structures of 2a and 2b were confirmed by the interplay between experimental results and theoretical calculations. Absorption spectra of 2a and 2b-O demonstrate their strong resemblance ( Figure 7 ).
Generally, absorption spectra in visible-NIR region of the fullerene derivatives provide sufficiently distinctive fingerprints of the π-electron system topology. 1 In short, the spectra directly reflect the addition position of the addend on the fullerene cage. Hence, the remarkable similarity between 2a and 2b-O indicates that the two compounds are the same site-isomers ("site-isomer" is a classification in fullerenes proposed recently by Martín et al.
18
) having the same addition sites of the pyrrolidine ring and the hydrogen atom, despite the presence of 44 possible addition positions in the starting La@C 82 .
DFT calculations [19] [20] [21] [22] give us sufficient criteria for the prediction of the addition sites of the substituents.
Regarding the 1,3-dipolar cycloaddition of an azomethine ylide to fullerenes, on the one hand, the LUMO of the dipolarophile plays an important role. 23 In addition, a pair of the carbon atoms which have relatively high positive charge and high POAV 24 value simultaneously, and the adjacent carbon atom with a relatively negative charge, should be the most feasible candidate site for the cycloaddition of diamagnetic endohedral metallofullerenes. 2f,25 La@C 82 has the one site where these criteria are fulfilled, that is C20-C21 (Figure 8 , Table 2 and Supporting Information). Furthermore, it has previously been reported that the intrinsic radical character of azomethine ylides 26 may play an important role in 1,3-dipolar cycloadditions on paramagnetic endohedral metallofullerenes. 9b,27 In this case, the feasible addition site contains the carbon atom which has the largest POAV and spin density, in addition to an adjacent carbon atom with a relatively large negative charge. Therefore, C22-C23 is the best candidate fulfilling these criteria ( Figure 8 , Tables 2, 4 and Supporting Information).
On the basis of the first criterion, the bond between C20-C21 potentially affords four regioisomers, each one having two conformers of 1 as depicted in Figure 9 and S11. The relative formation energies were calculated for the possible eight optimized structures. It is found in all cases that the more stable structure has the methyl group connected to the nitrogen atom, located far away from the phenyl group. Among the most stable four structures, A1 and B1 demonstrate better stabilities and may be considered as the intermediates for 2b and 2a, respectively, based on the relative formation energies. However, a remarkable difference was not found in the charge density, spin density or POAV values among these possible intermediates and the starting La@C 82 (Table 3 and the Supporting information). Therefore, the subsequent selective addition of H atom cannot be rationalized by this first criterion.
The second criterion considering the radical reactivity suggests the feasibility of C22-C23 as the addition site. Moreover, it is supported by the ROESY measurements on 2a which demonstrate a correlation between the hydrogen atom in the pyrrolidine ring and the hydrogen atom on the fullerene cage ( Figure S12 ). This result indicates the fact that the pyrrolidine moiety and the hydrogen atom of 2a must locate within a distance for nuclear Overhauser effect, that is usually within 5 Å, being consistent in the addition position of C22-C23. Judging from the optimized structures by the DFT calculations (Figure 10 and S13), firstly, the stable conformation of the pyrrolidine ring is the same to those in the adducts based on C20-C21. The relative energies suggest that the most feasible structures are Structures A'1 and B'1. Although these energies are higher than those based on C20-C21, it is safe to conclude that the relative energies are not significant enough for the determination of the structure because the second criterion is based on the radical reactivity, in which kinetic products are favorable rather than the thermodynamic products. In addition, in sharp contrast to Structures A1 and B1, Structures A'1 and B'1 explain the selectivity of the following hydrogen addition. Regarding the addition position of the hydrogen atom, the carbon atom C3 is the best candidate because it has the highest spin density and POAV values both in pristine La@C 82 and the intermediates 1 (Table 3) . Moreover, the spin density is remarkably increased in 1 (0.12-0.14) relative to pristine fullerene (0.09), rationalizing the site-selective addition of the hydrogen atom. It has previously been reported that radical addition on La@C 82 occurs on the carbon atom having the highest spin density and POAV values. 2d All taken together, the molecular structures of 2a and 2b are concluded to be Structures A'1+H C3 and B'1+H C3 , respectively, as it is shown in Figure 11 .
This result is in good agreement with the experimental findings where the two adducts were obtained in a selective way as a result of the addition reaction by an asymmetric azomethine ylide and in different yields.
Optoelectronic properties of 2a and 2b-O
UV-vis-NIR absorption spectra of 2a and 2b-O revealed changes in the electronic properties of the fullerene cage from pristine La@C 82 ( Figure 7) . In both compounds, the absorbance onsets show remarkable hypsochromic shifts from ca. 2000 nm in pristine La@C 82 to 1070 nm, which is attributed to the loss of open-shell electronic structure and the formation of closed-shell structures.
Electrochemical measurements of 2a and 2b-O were performed by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) (Figure 12 ). The redox potentials were determined by DPV (Table 5 ).
The first reduction and the first and second oxidation potentials are comparable between 2a and 2b-O. These experimental findings are consistent with the absorption spectra, which demonstrate the similar electronic properties in both compounds. Meanwhile, 2a and 2b-O revealed distinguishable electrochemical stability in o-DCB. 2a showed two small peaks at -0.35 and -0.80 V vs. Fc/Fc + couple when a freshly prepared sample was measured. Two peaks were found to become larger after scanning a more positive region than the first oxidation peak (0.27 V), which was confirmed by multiple scan in CV ( Figure S14 ). 2b-O demonstrated a similar behavior after the scan of the first oxidation peak. In addition, a new peak, which was not clearly detected in DPV but in CV measurements, appeared in the anodic region close to the oxidation peak during the scanning. These results suggest that the first oxidation step is attributable to the oxidation on the hydrogen atom, which leads to an irreversible reaction of decomposition of 2a and 2b-O and afforded new products which possess similar reduction potentials to those of paramagnetic pristine La@C 82 . Moreover, it was revealed that the carbon bearing the hydrogen atom of 2a and 2b-O is still reactive towards oxidation reactions. (2.3 × 10 -4 mmol) was carefully degassed and refluxed with 6 equivalents of 2-(methylamino)isobutyric acid and 2 equivalents of benzaldehyde under argon atmosphere. After cooling to the room temperature, the reaction mixture was analyzed by HPLC ( Figure 1a) .
CONCLUSIONS
Synthesis of pyrrolidine adducts 2a and 2b. 25 mL o-DCB solution containing 6.4 mg of La@C s -C 82 (5.7 × 10 -3 mmol) and 50 μL of toluene was carefully degassed and refluxed with 6.0 equivalents of 2-(methylamino)isobutyric acid and 2.0 equivalents of benzaldehyde under argon atmosphere. After cooling to the room temperature, the solvent was removed under reduced pressure and reaction mixture was subjected to multi step preparative HPLC system as shown in Figure S1 for the isolation of the target compound from byproducts and unreacted starting materials. As the result, 2a was obtained in 45% yield based on the consumed starting fullerene, which was confirmed by the HPLC analyses. 2b
was also obtained after the HPLC separation and was found to become oxidized (2b-O) in a few minutes. The conversion yield of 2b-O was 20% based on the recovered fullerene. (v/v)) δ 163. 24, 156.13, 155.59, 152.80, 151.66, 150.63, 150.35, 150.22, 150.08, 149.94, 149.62, 149.25, 148.76, 148.15, 147.99, 147.63, 146.62, 146.60, 146.45, 146.24, 146.16, 146.10, 145.85, 145.81, 145.42, 145.13, 144.54, 144.17, 143.63, 143.32, 142.98, 142.95, 142.67, 142.52, 142.36, 142.31, 141.81, 141.74, 141.33, 141.10, 139.89, 139.65, 139.50, 139.13, 138.33, 138.05, 138.00, 137.92, 137.73, 137.71, 137.63, 137.59, 137.45, 136.80, 136.18, 136.07, 135.80, 135.74, 135.63, 135.54, 135.16, 134.93, 134.17, 133.32, 133.17, 133.11, 132.90, 132.70, 132.26, 131.26, 131.20, 130.59, 130.50, 129.55, 129.47, 129.35, 129.28, 129.15, 129.02, 128.96, 128.73, 128.34, 127.94, 127.20, 127.02, 77.91 (CH) 82, 158.59, 156.12, 155.78, 153.78, 152.71, 151.68, 150.85, 150.43, 150.35, 149.96, 149.89, 149.24, 149.12, 148.86, 148.70, 148.59, 147.81, 147.11, 146.94, 146.45, 146.28, 145.96, 145.79, 145.74, 145.58, 145.02, 144.66, 144.22, 143.53, 143.39, 143.24, 143.01, 142.82, 142.72, 142.06, 141.86, 141.62, 141.02, 140.92, 140.87, 140.33, 140.00, 139.51, 139.44, 139.07, 138.93, 138.60, 137.88, 137.84, 137.69, 137.55, 137.47, 137.35, 137.22, 137.19, 136.93, 136.65, 136.16, 135.61, 135.51, 135.35, 135.20, 135.06, 134.63, 134.59, 134.10, 133.25, 132.59, 132.25, 131.66, 131.32, 131.01, 130.82, 130.46, 130.36, 130.07, 129.42, 128.06, 127.89, 127.38, 127.14, 125.78, 77.77 (CH) 
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